ABSTRACT Bars in galaxies may form not only through instability, but also as a result of an interaction with another body. In particular, they may appear in disky dwarf galaxies interacting with Milky Way-like galaxies. Here we report the results of N -body/SPH simulations of such dwarfs orbiting in a static potential of a larger galaxy. We used several models of the dwarf galaxy, all of the same mass, but covering a large range of gas fractions: 0, 30 and 70%. We also tested the impact of subgrid star formation processes. In all cases bars of similar length formed in the stellar disk of the dwarfs at the first pericenter passage. However, unexpectedly, the gaseous component remained approximately axisymmetric and unaffected by the bar potential. The bar properties did not change significantly between two consecutive pericenters. The impact of the later encounters with the host depends strongly on the exact orientation of the bar at the pericenter. When the bar is spun up by the tidal force torque, it is also shortened. Conversely, if it is slowed down, it gets longer. In the models with a low gas fraction the bars were more pronounced and survived until the end of the simulations, while in the dwarfs with a high gas fraction the bars were destroyed after the second or third pericenter passage. In terms of the ratio of the corotation radius to the bar length, the bars are slow, and remain so independently of the encounters with the host.
1. INTRODUCTION Bars are among the most prominent features of disk galaxies and have strong impact on their evolution and dynamics. In the Local Universe, about 25−30% of disks host a strong bar (e.g. Sheth et al. 2008; Masters et al. 2011; Cheung et al. 2013 ), but if one includes weak bars, the bar fraction may be as high as 60%. This fraction may depend on the environment and some studies found that it is larger in denser regions (Skibba et al. 2012; Méndez-Abreu et al. 2012 ). The bar fraction decreases for galaxies with lower masses (Lee et al. 2012; Erwin 2018) . In particular, Janz et al. (2012) found that dwarfs in the Virgo cluster exhibit a bar fraction of 18%.
It was realized early on that disk galaxies are often unstable and susceptible to the formation of a bar in their centers (Miller et al. 1970; Hohl 1971; Ostriker & Peebles 1973; Miller & Smith 1979) . Soon after their formation, bars undergo buckling instability (Combes & Sanders 1981; Combes et al. 1990; Raha et al. 1991) , which leads to the thickening of their central part and the formation of a boxy/peanut (b/p) bulge, as reviewed by Athanassoula (2016) . Erwin & Debattista (2017) found that more than 50% of barred galaxies exhibit b/p bulges and this fraction is higher for high-mass galaxies. Further evolution, called secular, is governed by the emission of the angular momentum by the bar and its absorption by the outer parts of the disk and the dark matter halo. It leads to gradual lengthening and slowing down of the bar (Athanassoula 2002 (Athanassoula , 2003 . For more details, the reader is referred to the reviews by and Sellwood (2014) . Contopoulos (1980) and Athanassoula (1980) established that the upper limit for the bar length is set by the corotation radius R cr , where the bar pattern speed Ω p is equal to the circular frequency. Later, Athanassoula (1992a,b) suggested that the ratio of the corotation radius to the bar length R = R cr /l bar should be in a range 1 < R < 1.4. Such bars are called fast, while slow bars are defined by R > 1.4. Fast bars constitute about two-thirds of bars with measured pattern speed and almost all of them have R < 2 (Corsini 2011; Font et al. 2017) .
Interactions between galaxies are known to influence their structures (Toomre & Toomre 1972) . This applies also to galaxies in groups (Mayer et al. 2001; Kazantzidis et al. 2011; Villalobos et al. 2012; Semczuk et al. 2018) and clusters (Mastropietro et al. 2005; Lokas et al. 2016; Semczuk et al. 2017) . In particular, bars may form in response to the interaction (Noguchi 1987; Gerin et al. 1990) . Bars may by induced by a smaller companion (e.g. Lang et al. 2014; Pettitt & Wadsley 2018) , a larger one, such as a host galaxy ( Lokas et al. 2014; Gajda et al. 2017 ) or a cluster , or a galaxy of similar size ( Lokas 2018) .
Tidally induced bars and those formed by instability share many properties (Berentzen et al. 2004; Gajda et al. 2016) , but there are also some differences. If the bar is initially stable against bar formation, in the secular phase its pattern speed and length remain constant rather than, respectively, decrease and increase (Salo 1991; Miwa & Noguchi 1998; Gajda et al. 2017) . Moreover, the tidally induced bars are usually slow, having R ≈ 2−3 (Miwa & Noguchi 1998; Berentzen et al. 2004; Aguerri & González-García 2009; Lokas et al. 2014 Lokas et al. , 2016 Gajda et al. 2017; Lokas 2018) . Miwa & Noguchi (1998) argued that this is due to the angular momentum transfer from the bar region to the perturber. Nevertheless, bars formed spontaneously can also be slow, provided that their host galaxy is dominated by the dark matter halo (Debattista & Sellwood 2000; Lokas et al. 2016; Pettitt & Wadsley 2018) .
Concerning the effect of the gas, initially only the response of gas to the bar potential was studied, mostly in two-dimensional potentials (e.g. Sanders & Huntley 1976; Athanassoula 1992b; Kim et al. 2012; Sormani et al. 2015) . Normally, gas should follow periodic orbits in a given potential, since gravity dominates over pressure. As gas is the collisional component, which must have a well-defined velocity at any given point, such orbits cannot intersect. However, in the case of strong bars the orbits of the x 1 family may have cusps or loops at their ends (Athanassoula 1992a) . Additionally, nested orbits of this family can also intersect. As a result, offset shocks form on the leading sides of the bars, which correspond to dust lanes in observed barred spiral galaxies (Athanassoula 1992b) . Thus a gas parcel spends more time there than on the trailing side. The gas then loses angular momentum and inflows toward the center of the galaxy, where it forms a circumnuclear disk, in which gas follows x 2 orbits. Due to the inflow, a region with some gas deficiency is created in less than one full bar rotation (Kim et al. 2012 ).
The gas flowing towards the center of the galaxy can form a central mass concentration (CMC) which may lead to the bar dissolution (Pfenniger & Norman 1990 ). This indeed can happen for bars, as was found by early simulations (Berentzen et al. 1998; Bournaud & Combes 2002; Berentzen et al. 2004) . A small gas fraction has negligible impact on the bar evolution (Villa-Vargas et al. 2010) , but if it is larger, then the bar evolution is different. In gas-rich galaxies bars are formed later and are weaker than in gas-poor ones (Shlosman & Noguchi 1993; Berentzen et al. 2007; Villa-Vargas et al. 2010; Athanassoula et al. 2013) . The buckling instability does not take place, but instead the bar swells symmetrically (Debattista et al. 2006; Berentzen et al. 2007 ) right after the bar formation. In the secular phase, bars in gas-rich galaxies do not grow and keep their pattern speed constant.
Cosmological simulations are the only way of taking into account fully the effect of the environment. Such work was first performed by Kraljic et al. (2012) and Scannapieco & Athanassoula (2012) . Kraljic et al. (2012) studied a suite of zoom-in simulations and found trends consistent with the ones observed by Sheth et al. (2008) . The bars started to appear around z ≈ 1 and their fraction increased with decreasing redshift. However, it is often difficult to disentangle if the bars were triggered by instability or by tidal interactions (Spinoso et al. 2017; Zana et al. 2018; Peschken & Lokas 2018) . Large samples of galaxies can be only followed in large cosmological boxes, however their resolution might be not sufficient to resolve properly the inner structure (Algorry et al. 2017; Peschken & Lokas 2018) .
Dwarf galaxies are smaller, but more numerous than large galaxies. They exhibit certain differences when compared to the latter, for example in their scaling relations (Mateo 1998; Tolstoy et al. 2009; McConnachie 2012) . Dwarfs can be divided in roughly two groups: dwarf spheroidals (dSph) and dwarf irregulars (dIrr). The dIrr galaxies are gas-rich and exhibit certain amount of rotational support, whereas the dSphs are gas-poor and are supported by random motions of stars. In the Local Group of galaxies the population of dwarfs exhibits a density-morphology relation. Close to the Milky Way and Andromeda one finds predominantly dSphs, while dIrrs are located mostly far away from the big spirals. Such a relation points to a possible evolutionary link between the two groups.
In the tidal stirring scenario for the formation of dSphs, initially disky dwarfs are captured by larger hosts (like the Milky Way) and transformed into spheroids by the tidal forces (Mayer et al. 2001; Kazantzidis et al. 2011; Lokas et al. 2011) . A bar forms in the disk of the dwarf galaxy during the first encounter with the host (Klimentowski et al. 2009) . If this scenario is valid, one can expect hints of bar presence in some of the dwarfs in the Local Group. Indeed, the elongated shapes of Sagittarius, Ursa Minor and Carina dwarf ( Lokas et al. 2010 ( Lokas et al. , 2012 Fabrizio et al. 2016 ) may be remnants of bars. Furthermore, bar-like shapes can be found in ultra-faint dwarfs Hercules and Ursa Major II (Coleman et al. 2007; Muñoz et al. 2010) . Of course, tidally induced bars may form not only in the Local Group, but also in other dwarf galaxies interacting with their hosts and in clusters (Aguerri & González-García 2009) .
In this paper we extend the work presented in Gajda et al. (2017) and earlier in Lokas et al. (2014) . Compared to these works, we take into account the impact of the interstellar medium, modelled using the Lagrangian method called Smoothed Particle Hydrodynamics (SPH, Lucy 1977; Gingold & Monaghan 1977; Monaghan 1992) . We investigate the impact of different fractions of the gaseous component with respect to the total baryonic mass. Rather large gas fractions are used in order to mimic dIrrs. In some of the runs we also include the processes of cooling, star formation and feedback modelled in an approximate way.
In Section 2 we introduce our simulations and describe the construction of initial conditions. The results of the computations are presented in Section 3. First, we describe the general properties of the dwarf galaxies and the evolution of their bars. Then we focus on the impact of tidal torques on the bar strength and rotation. Finally, we briefly discuss the star formation rate and the distribution of young stars. In Section 4 we discuss our results and compare them to the existing literature and then conclude in Section 5.
2. SIMULATIONS The simulation setup was similar to the one used by Lokas et al. (2014) and Gajda et al. (2017) , however with certain modifications. We constructed a model of a dwarf galaxy consisting of a spherical Navarro-FrenkWhite (NFW, Navarro et al. 1995) dark matter halo and a baryonic disk. The dark matter halo had a virial mass of 10 9 M and a concentration of 20. For the baryonic disk of mass 2 × 10 7 M , we first generated an N -body model of an exponential disk with a radial scale-length of 0.41 kpc and a vertical scale-height of 0.082 kpc. To create the models we used the procedures of Widrow & Dubinski (2005) and Widrow et al. (2008) . Both components consisted of 4 × 10 6 particles, a larger number than in e.g. Gajda et al. (2017) because we divided it into the collisionless and collisional components. Such a large number of particles is believed to be sufficient to follow the interaction and bar evolution reliably (Gabbasov et al. 2006; Dubinski et al. 2009 ), as well as the effect of the gas (Patsis & Athanassoula 2000) .
We used the following procedure to build the initial conditions for the gas-rich dwarfs. In the previously generated N -body disk we randomly changed a given fraction of stellar particles into gaseous particles, setting their temperature to 2000 K. For this temperature, the resulting gaseous disk was prone neither to collapsing nor to thickening when seen in the edge-on view. We also changed the velocities of these new gaseous particles in order not to induce thickening by the initial velocity dispersion. The radial and vertical velocities were set to zero, while the angular velocity was set to the circular velocity at a given distance from the galaxy center at the galaxy mid-plane (i.e. we did not vary it with the height).
Finally, we evolved in isolation the configuration consisting of the halo, the stellar disk and the gas disk. To create initial conditions for runs which did not include the star formation processes, we ran the simulation in isolation for 3 Gyr, until most of the initial transients disappeared. To prepare the star forming runs we performed a slightly different procedure. First, the dwarf was evolved for 1.5 Gyr without star formation. Only then we turned on the star formation processes and evolved it for the next 1.5 Gyr. For completeness, we evolved also the purely stellar case in isolation for 3 Gyr. We decided to use five different models. One of them was a collisionless N -body case, without any gaseous component. It was intended to serve as a fiducial, comparison model. For the gas-rich runs we used two levels of gas fraction: 30% and 70% of baryons, as the dwarf galaxies far away from large galaxies are known to possess large amounts of gas (McConnachie 2012; Papastergis et al. 2012; Sales et al. 2015) . For each level of the gas fraction we performed two simulations. In one of them the star formation processes were included, while in the other one they were turned off. The properties of the simulation runs are summarized in Table 1 . In the first column we list the names we are using whenever we refer to a particular run. The naming scheme for the collisional runs is as follows. First we indicate the gas fraction (in per cent) and then whether the particular run employed subgrid recipes for the cooling, star formation and feedback. In the last column of the table we show the line colors which is used consistently throughout this paper to illustrate the results for the different runs in all the figures.
To give an idea on the initial distribution of the gas, in Figure 1 we plot z 50 , the median value of the vertical coordinate |z| of particles at a given radius. The stars exhibited a flat distribution with radius in all of our initial conditions. On the other hand, the distribution of the gas was flaring with increasing radius. Note that this is an expected behavior found also in other studies, see for example Benítez-Llambay et al. (2018) . The star forming initial conditions were also initially thicker than the non-star forming ones, which is due to the continuous input of the feedback energy.
The N -body model for the stellar disk embedded in the dark matter halo was created in such a way that it was stable in isolation for times up to 10 Gyr. Its Toomre (1964) parameter was rather high, Q ≈ 4 (see Figure 1 of Gajda et al. 2017) , while the axisymmetric stability criterion reads Q > 1. We also evolved the models of the dwarf galaxies in isolation for an additional, much longer time. The models corresponding to the runs Nbody, g30noSF, and g70noSF were evolved for 7 Gyr, while those for the runs g30SF and g70SF were run for 10 Gyr. This way we checked that the models were indeed stable against spontaneous bar formation for such time periods. These dwarf galaxy models were then evolved around a Milky Way-like host. The host was modelled as a spherically symmetric static potential of an NFW halo with 7.7 × 10 11 M mass and concentration of 27. All the dwarfs were initialized at a 120 kpc apocenter of an elongated orbit, with a pericenter at 24 kpc. One may be worried about the lack of dynamical friction (Chandrasekhar 1943), which could change the orbits of the dwarfs. However, at such a mass ratio between the host and the satellite the orbital decay is small (e.g. Frings et al. 2017) , as confirmed by the earlier works ( Lokas et al. 2014; Gajda et al. 2017) . A much more important omission was the lack of a hot gas halo of the host galaxy, which resulted in the lack of ram-pressure stripping of the gas from the dwarf. We decided not to include this effect in order to focus on the bar evolution under tidal interactions alone. The disks of the dwarfs were placed in the orbital plane, in such a way that the orbital motion was prograde. Such a configuration is known to maximize the effect of the interaction (e.g. Toomre & Toomre 1972; Lokas et al. 2015; Gajda et al. 2017; Lokas 2018) .
The simulations were performed using Gadget3 code, which is a descendant developer version of a wellknown, publicly available Gadget2 (Springel 2005) . The implementation of the star formation processes followed the model of Springel & Hernquist (2003) . It includes radiative cooling of the hydrogen and helium as in Katz et al. (1996) , down to 10 4 K. The star formation prescription, which includes supernova feedback, is based on a hybrid two-phase model. The gas above a density threshold of 0.13 cm −3 is treated as if it consisted of cold, molecular clouds and a hot phase, excited by feedback. Only gas with density above the threshold is allowed to form stars. We did not include galaxy winds in our simulations, as their parameters were developed for much larger galaxies.
The evolution of the dwarf galaxies was followed for 10 Gyr and outputs were saved every 0.05 Gyr. The softening for dark matter particles was 0.03 kpc, while for stellar and gaseous particles it was equal to 0.01 kpc.
3. RESULTS 3.1. General properties For each snapshot of the simulations we computed the center of mass of the dwarf galaxy. We used the common algorithm based on successively shrinking spheres (Power et al. 2003) . Next, we determined the principal axes of the stellar component diagonalizing iteratively the shape tensor computed using particles inside an ellipsoid of a 1 kpc long major axis (see Zemp et al. 2011; Gajda et al. 2015) . For most measurements we aligned the reference frame with the principal axes of the dwarfs' stellar component.
In Figure 2 we show the surface density maps for the stellar and gaseous components at the time of the second apocenter (2.2 Gyr). When comparing the plots one should remember that the initial surface densities of both components varied between the runs, as the total baryonic mass was assigned in different ways to stars and gas. In all the simulations bars formed in the stellar component and they all had similar lengths. However, there was no trace of the bar or its impact in the gaseous component. With an increasing gas fraction the stellar bars became less elongated and more round. In the star forming runs the central gas surface densities were lower than in the pure hydrodynamical runs. This is due to the stars forming from the gas where its density exceeds the threshold value. In fact, in the non-star forming simulations a peak in the gas density was formed, presumably due to the driving of the gas toward the center by the bar.
In Figure 3 we show how the baryonic content in the central 0.5 kpc of the dwarfs evolved. At the first pericenter the stellar mass usually rose slightly due to the rearrangement of matter into a bar. Later on, the stellar mass dropped at the pericenters due to tidal stripping and remained constant between the encounters with the host. The gas mass in the non-star forming runs also slightly grew at the first pericenter. When the stars were allowed to form, the gas content decreased. During further evolution, the behavior of the gas was similar to the one of stars: the mass was constant between the pericenters and dropped during the encounters with the host.
It is also interesting to look at the relative behavior of the two components, as expressed by the gas fraction. The first thing one notices is that initially the gas fractions of the star-forming runs were lower than in their analogues that did not form stars. This was of course Stellar (left column) and gas (right column) surface densities at the time of the second apocenter (t = 2.2 Gyr). Each row corresponds to one of the runs. Gas fraction Figure 3 . Evolution of the baryonic content inside a sphere of radius 0.5 kpc, normalized by the initial value. The first panel shows the stellar content, the second one the gas, the third one the total barionic content and the last one the fraction of the baryonic mass in gas. Vertical lines indicate pericenter passages of the dwarfs.
due to the transformation of the gas into stars which took place during the evolution in isolation. When measured over the whole body of the dwarfs, the initial gas fractions were much closer to the assumed ones, as the star formation happened mostly in the centers of the dwarfs. During further evolution, the gas fraction in g30SF and g70SF dropped further due to constant creation of stellar particles. In the other two gaseous runs the gas fraction slightly rose at the pericenters and the fi- nal difference was of the order of a few per cent. It seems that the gaseous component was more tightly bound and therefore harder to strip than the stellar material.
In Figure 4 we track the evolution of the shape of the dwarf galaxies. For this purpose, we calculated the minor-to-major (c/a) and intermediate-to-major (b/a) axis ratios at the scale of 1 kpc. The first can be identified with the thickness of the given component, while the second with its elongation. Initially, the stellar disks were thin and thickened only a little during subsequent evolution, mainly at the pericenters. The higher was the initial gas fraction, the stronger thickening of the stellar disk took place. The gas disks without star formation (g30noSF and g70noSF) were also initially thin, while the ones with star formation included (g30SF and g70SF) were thicker. The c/a ratio grew mostly at the pericenters, but also between them. The star forming disks remained thicker than the no-SF ones, but in the pure hydrodynamical runs the disks puffed up considerably at the first pericenter.
All the dwarfs started as axisymmetric disks, having b/a ≈ 1. At the first pericenter passage they were significantly stretched, indicating a bar formation. The stellar components in all the simulations remained elongated, but more so at lower gas fractions. However, the gaseous components returned to approximate axisymmetry, as we have seen in the surface density maps (Figure 2) . The gas components in the runs with a lower gas fraction (30%) were slightly more elongated, but after the second pericenter passage all of them were rather round, with b/a > 0.8. The evolution of b/a in the stellar component after the second pericenter passage was much more complicated. Apparently, there were no visible trends. The elongation in the Nbody run changed at each pericenter, it grew and declined subsequently. The star forming runs became almost round after the second pericenter, but later on in g30SF the elongation grew considerably. At the end of the simulations, the dwarfs in the runs with high (70%) gas fraction seemed to be rounder than in the runs with less gas. We will explain the reason for this behavior in Subsection 3.3.
Evolution of the bars
In order to describe the evolution of the bars, we followed the bar mode, defined as
where we sum over all N particles in the region of interest, ϕ j are their position angles and i is the imaginary unit. We calculated the absolute value |A 2 | inside the cylindrical radius of R = 1.5 kpc. We chose this specific value as it encompasses almost the whole extent of the bars after the first pericenter. We did not use the more common parameter A 2,max (i.e. the maximum of |A 2 (R)|), as due to the formation of tidal tails the profiles of the bar mode do not always have a pronounced and well defined maximum (see e.g. Lokas et al. 2014; Gajda et al. 2017) . We also decided against calculating the bar parameters inside the bar length, which we also estimate later on, because its evolution could make the interpretation of the results less clear. The evolution of |A 2 | is depicted in Figure 5 , for both the stellar and the gaseous component. The behavior of the bar mode reflected the evolution of the b/a ratio. The bars in the stellar component formed at the first pericenter, with the strongest bar created in the Nbody run, and their strength diminished with a growing gas fraction. The gaseous component was stretched during the encounter with the host galaxy, but it rearranged itself afterwards so that no sign of any bisymmetric perturbation was present at later times.
The evolution of the bars after the second pericenter was complicated and diverse. In the Nbody run the bar mode was constant between the pericenter passages, but changed abruptly during the encounters. Similarly, for the runs with a low gas fraction (30%) |A 2 | did not evolve significantly between the pericenters. Interestingly, in the high gas fraction runs the bar mode decreased significantly between the encounters with the host. In g70noSF the decrease took place between the first and the second pericenter, while in g70SF the bar strengthened at the second pericenter and then was destroyed almost completely before the third one.
In order to study the structure of the bars we calculated the bar mode in cylindrical shells. Profiles of |A 2 (R)| at the time of the second apocenter are shown in Figure 6 . In the stellar component the bar mode increases with increasing radius in the center, reaches a maximum value and then drops a little. In the bars formed in isolation the drop is usually much stronger (e.g. Athanassoula & Misiriotis 2002) . The peaks at larger radii are related to the presence of two sets of spiral arms or escaping shells of matter, which can be seen in Figure 2 . The slope of the inner part of the |A 2 | profiles increases with the decreasing gas fraction, which means that the inner parts of the gas-rich dwarfs were rounder, presumably due to the increased central concentration of the gas-rich models. In the star forming runs the slope was smaller than in their counterparts without star formation, probably due to the formation of new stars or different initial vertical distribution of the gas. As discussed previously, the gas distribution remained near-axisymmetric in the central regions of the dwarfs. For the gas, |A 2 | starts to grow approximately at R = 1.5 kpc, which corresponds roughly to the end of the bar. In the runs with a lower gas fraction, the gas was slightly elongated in the center. This might be related to the higher gravitational impact of the stellar component. The gas distribution at the outskirts was elongated, but it was not related to the bars, but rather to the tidal disturbance and transition to the tidal tails. Such behavior in the center of a galaxy is different than what was usually reported in the previous work (e.g. Athanassoula 1992b; Athanassoula et al. 2013 ) and we discuss this issue later on.
The profiles of the bar mode obviously evolved with time, hence in Figure 7 we show values of |A 2 | as a function of time and distance from the center of the dwarf. During the pericenter passages (vertical lines) the measurements were not possible so earlier and later measurements were connected by dashed lines. All the lines start at the moment when we were able to determine the bar length. The lines for runs with a high gas fraction end when the amplitude of the bar is too low to measure the length accurately.
The most obvious feature of the plots is the elongation of both the stellar and gaseous component during the pericenter passages, when |A 2 | > 0.8. Between the pericenters one can notice, in the stellar component, a band of higher values of the bar amplitude at small radii, corresponding to the bar. However, the gas in the central parts of the dwarfs does not show any trace of bisymmetric perturbation at any time. Stripes of higher |A 2 | travelling outwards correspond to stripped shells of matter. A large diversity of the evolutionary histories is clearly visible in these plots. In the runs Nbody and g30SF the bars were weakened at the second pericenter, then they were strengthened at the next one and again weakened at the fourth one. The bar in the g30noSF model was first weakened and then it grew at the next two pericenters. The life of bars in the high gas fraction runs was much shorter. In g70noSF the bar was destroyed after the second encounter with the host galaxy and in g70SF it declined strongly after the second pericenter passage and later was also destroyed.
A feature related to the bar strength is its length. To estimate this property we used the method described previously in Gajda et al. (2017) . In short, we looked for the radius where the triaxiality parameter of the stellar component, measured in elliptical shells, falls below 90% of its maximal value. The evolution of the bar length for all the runs is presented in Figure 8 . The curves begin at the time of the creation of the bar and for the high gas fraction dwarfs they end when the amplitude of the bar is too low to measure length accurately. We mark with dashed lines the periods when the determination of the extent of the bars was not possible due to the elongation of the whole body of the dwarf. As can be perceived also in Figure 2 , initially the bar lengths were almost the same in all simulations and only the one in run g70SF was slightly shorter. We point out that the values of |A 2 |, both integrated and in terms of the profiles, vary from one simulation to another. The bars in the runs with little or no gas were shortened at the second pericenter passage and their further evolution was correlated with the evolution of the bar mode in Figure 5 . In these runs the bar length seems to remain constant between pericenter passages. The bars in the runs with high gas fraction declined over time.
It is especially interesting for run g70SF, in which the bar shortened and was destroyed gradually between the second and the third pericenter. In Figure 9 we plot the evolution of the pattern speed Ω p of the bars in the dwarfs. We measured it using the method described in the Appendix of Gajda et al. (2017) . In short, in order to obtain Ω p at the time of output n we calculated the A 2 phase difference between outputs n + 1 and n − 1, carefully taking into account possible tilting or precession of the disk. Similarly to the bar lengths, the pattern speeds were almost exactly the same for all runs after the bar formation during the first pericenter passage. Later, during further encounters with the host, the measured Ω p strongly varied due to the stretching of the dwarfs induced by the tidal force. The pattern speeds remained rather constant between pericenter passages and evolved significantly during the encounters with the host galaxy. The changes were anticorrelated with the evolution of the bar strength and length, as expected (Athanassoula 2003) . The bars were spun up when they were weakened and shortened. When they were strengthened and elongated, they slowed down. The best example of this behavior is provided by the bar in the Nbody dwarf, which was speeded up and weakened at the second and fourth pericenter, while during the third pericenter it was slowed down and strengthened.
In Figure 10 we plot the various velocity curves of the dwarf galaxies at the second apocenter. The rotation curves V ϕ for the stars and gas were computed by averaging the tangential velocities of all particles of a given type at a given cylindrical distance R, restricting the measurements to the particles obeying |z| < 1 kpc. The circular velocity curve at a cylindrical radius R was computed as
where G is the gravitational constant, R is the distance from the center of the dwarf and as M (r < R) we take all the mass (both dark and barionic) within a distance R from the center. In addition, we plot the linear velocity of the bar at a given radius V bar = RΩ p . The circular velocities in all the runs were similar, which means that similar amount of matter was stripped at the first pericenter. Both baryonic components lost significant amount of rotation, however this happened in a different way for stars and gas. The rotation of the gas in the intermediate part of the bar was faster than for stars simply because the stellar component is kinematically hotter than the gaseous one. In the outer parts of the dwarfs (R ≈ 2 kpc) gas was rather elongated (see Figure 6 ) and beyond R ≈ 3 kpc the tidal tails were present. Both of these may be responsible for the fact that the apparent rotation velocity for stars was larger Nbody g30noSF g30SF g70noSF g70SF Figure 11 . Ratio of the corotation radius (solid lines) and the true corotation (i.e. radii at which Vϕ,stars = RΩp, dashed lines) to the bar length. Measurements were smoothed over three consecutive outputs and gaps are due to the inability to determine one of the involved quantities. Vertical lines correspond to the pericenter passages.
than for the gas. The overall loss of rotation for the stellar component was smaller for a larger gas fraction. We note that the bar lengths were significantly shorter than the corotation resonance, signifying that our bars are slow, as in Gajda et al. (2017) . To track the evolution of the ratio of the corotation radius to the bar length, we prepared Figure 11 . With the solid lines we depicted R cr = R CR /l bar , i.e. the ratio of the corotation resonance (i.e. radii at which V circ = RΩ p ) to the bar length. Dashed lines show the ratio of the true corotation (i.e. radii at which V ϕ,stars = RΩ p ) to the bar length, R true . One can notice these curves vary much more between the pericenters than the respective ones for the bar length and the pattern speed. The reason for this is that R is a ratio of two numbers that can both vary strongly.
The corotation resonance ratio R cr was always larger than the true corotation ratio R true , because the rotation velocity of the stellar component was smaller than the circular velocity. We note that R true never dropped below 1, meaning that on average the stars inside the bar always moved faster than the bar itself, i.e. there were no large groups of stars on retrograde orbits. Despite the large changes of the pattern speed, the bar length and the stripping at the pericenters, the ratio R cr always remained in the range 2-3, meaning that the bars were slow at all times. The ratios did change after each pericenter. These changes, however, do not seem to be correlated with either spinning up or slowing down of the bars.
Weakening and strengthening of the bars
As we have already seen in Figure 5 , the bar in a given galaxy can be strengthened or weakened at the Negative angles indicate that the bar is lagging behind the direction to the host, the zero value that it is aligned with it and the positive mean that it has overtaken the direction to the host. Vertical lines mark the times of the pericenter passages.
pericenter passage. To investigate the reason for such behavior, we measured the difference between the position angle of the bar and the direction to the host galaxy, i.e. α = ϕ bar − ϕ MW . The resulting curves are shown in Figure 12 . The vertical scale covers the range from −90
• to 90
• . Negative angles correspond to the bar lagging behind the line connecting the dwarf and the host and positive ones mean that the bar has already overtaken the direction to the host. During their formation at the first pericenter passage, the bars were aligned with the direction to the host galaxy and afterwards begun to rotate with their own pattern speed. One can notice almost straight segments of the curves between the pericenters, which have various slopes signifying different pattern speeds of the bars. This stems from the constant pattern speeds of the bars between the pericenter passages while the orbital angular speed changed only a little. In the vicinity of the pericenters the orbital angular speed outpaced the bar rotation, resulting in the reversal of the slope of the curves. The relative angle between the bar and the direction to the host galaxy is crucial in understanding the evolution of the bar properties. We illustrate the action of the tidal force on the bar during the pericenters using the example of the Nbody run in Figure 13 . The tidal force acts approximately along the line connecting the center of the satellite and the host. In the reference frame of the satellite, the tidal force stretches its body. However, when a barred galaxy encounters the host, the tidal force effectively exerts a torque on the bar and its effect depends on the bar orientation with respect to the host at this time. During the second pericenter passage, depicted in the left panel of the Figure, the tidal torque had the same orientation as the patter speed, which lead to the spinning up of the bar. However, the stars at the tip of the bar were scattered and did not maintain coherent bar structure. Thus, the bar was weakened and shortened. Next, during the third pericenter, the tidal torque had an opposite direction with respect to the bar rotation. As a result, the bar was slowed down and was able to grow and gain more strength. Finally, at the fourth pericenter, the situation was similar to the second pericenter so the bar was spun up and weakened.
The evolution of the dwarf in the g30SF run was qualitatively similar, with alternating weakening and strengthening of the bar. In g30noSF, the bar was made stronger at the fourth pericenter, instead of being weakened. The evolution of the gas-rich dwarfs was slightly more complicated, due to the destruction of their bars. In g70noSF the bar was already in decline between the first and the second encounter with the host and was destroyed completely afterwards. In g70SF the bar survived the second pericenter and was in fact enhanced by the tides, however it was declining afterwards.
Transfer of the angular momentum is usually considered as the main culprit responsible for the bar evolution. Thus, in Figure 14 we plot the time derivative of the specific angular momentum component along the rotation axis z . We include a separate panel for each component of the g30SF dwarf. The evolution of this galaxy was qualitatively similar to the Nbody run. The bar was weakened at the second and fourth pericenter passage and strengthened at the third one.
The angular momentum of both rotating, baryonic components decreased at the first pericenter passage. Between the encounters with the host there were some variations of the angular momentum in the bar region, but much weaker compared to the bars formed through instability (e.g. compare to Collier et al. 2018 ). However, the largest changes occurred when the dwarf passed through the pericenter. During one such event, the stars both lost and gained angular momentum. What was important was the net result. At the second and fourth pericenter the dwarf gained angular momentum, while at the third one z dropped.
The gaseous component lost angular momentum only during the pericenters. In galaxies that spontaneously create bars, the dark matter halo absorbs angular momentum. Here, however, nothing similar happened. Actually, after the first pericenter the halo had negative angular momentum due to preferential stripping of dark matter particles on prograde orbits. When the halo has a prograde spin with respect to the disk it has a impact on the evolution of bars (Saha & Naab 2013; Collier et al. 2018) . Saha & Naab (2013) found that a halo spinning in a retrograde fashion slightly suppresses the bar formation compared to a non-rotating halo. However, in our case the halo became slightly retrograde at the same time as the bar formed, so it is difficult to judge its influence.
Star formation
We now move to the analysis of the star formation processes in dwarf galaxies. Of course, in our simulations we did not have the full grasp of all processes that influence the star formation. Firstly, we did not include the gaseous halo of the host galaxy, which would have induced ram pressure stripping of the dwarf's gas. Sec- ondly, the star formation model we used in our simulations was developed for larger galaxies at lower resolution, thus it may not encompass all relevant physics. In Figure 15 we plot the evolution of the star formation rate (SFR) in the inner 2 kpc for both g30SF and g70SF. For comparison, we also add data for the same dwarfs evolved in isolation. In the dwarfs orbiting the host, SFR was enhanced during the first pericenter passage by about 30%. This was a result of gas compression by the tidal force in the central part of the dwarfs. Later, it dropped significantly due to stripping of the gas and thickening of the gas distribution, which reduced its volume density in the central parts of the galaxies. During the following orbital period, SFR was constant or slightly increasing. At the next pericenters it was enhanced again and dropped afterwards. Interestingly, at the final stages of the evolution, SFR of the initially more gas rich dwarf was lower. While the total gas content of g70SF was higher than in g30SF at all times, its distribution was different, in particular it was thicker.
In Figure 16 we compare the distribution of old stars, present in the simulation at the beginning, and new stars formed after the first pericenter passage. Both the isolated and the satellite dwarf formed stars in their centermost part. However, in the satellite galaxy there were obviously less stars formed and their distribution was elongated in the same direction as the bar made of the old stars. We inspected the time evolution of the newly formed stars and it turned out that the elongation rotated with the same pattern speed as the bar.
4. DISCUSSION 4.1. Gas behavior in the central part It is interesting to compare our results regarding tidally induced bars with the more established knowledge regarding bars created in unstable disks. In this work we focused on the impact of the gaseous component. In previous works it was found that gas inhibits the instability in disk galaxies and the resulting bars are shorter and weaker (Berentzen et al. 2007; Athanassoula et al. 2013) . The bars induced in our simulations were indeed weaker for a higher gas fraction, but they had approximately the same lengths.
The overall behavior of the gaseous component is the most pronounced difference. Simulations of gas flow in barred galaxies, both these performed in external potentials (Binney et al. 1991; Athanassoula 1992b; Kim et al. 2012; Sormani et al. 2015) and the fully self-consistent ones (e.g. Athanassoula et al. 2013; Pettitt & Wadsley 2018) , all lead to very similar conclusions. The gas is driven toward the center of a galaxy, which leads to the formation of a central mass concentration (CMC) surrounded by a region practically devoid of gas, only penetrated by off-centered shocks, located at the leading sides of the bar. The largest inflow of gas takes place right at the moment of the bar formation and then continues, but at a slower rate (Villa-Vargas et al. 2010; Athanassoula et al. 2013 ). In the simulations presented here the behavior of gas was entirely different. Its distribution remained approximately axisymmetric and did not exhibit any net inflow. Some rearrangement of the gaseous material took place, but not on such a scale as in previous works.
We can try to point out some differences of our model with respect to previous work. Obviously, our bars were tidally induced, whereas previously they were either adiabatically grown in a given potential or formed through inherent instability. Pettitt & Wadsley (2018) also studied the formation of tidally induced bars in their simulations and their galaxies exhibited the usual pattern of the gas flow. However, their models were more massive and bar-unstable even in isolation, so the interaction only changed how fast the bars formed or their final strength. We explicitly checked that our models were stable against bar creation in isolation for times comparable to the whole length of the discussed runs.
Another potentially important difference is due to the amount of gas, as our gas fractions are very high. For example, Pettitt & Wadsley (2018) used only a 10% gas fraction and while in Athanassoula et al. (2013) in some runs the galaxies were clearly dominated by gas initially, it was quickly consumed by star formation and at the epoch of the bar formation the baryonic component was already dominated by stars. Such a low fraction of gas corresponds to real values observed in Milky Way-sized galaxies. However, dwarf galaxies are much more gasrich.
Other possible explanation is that our bars were abruptly created at the first pericenter passage. Until the next one, they experienced only about 1.5 rotations, so it is possible that they did not have enough time to sweep the gas. In the cosmological zoom-in simulation of Spinoso et al. (2017) the bar also did not drive the gas toward the center immediately and needed a few Gyr and a few rotations to do so. On the other hand, in the simulation of Kim et al. (2012) , the adiabatically grown potential of the bar alters the gas flow in about half a rotation. Our bars are clearly rotating slowly, in terms of R, but some of the bars of Spinoso et al. (2017) and Pettitt & Wadsley (2018) were also slow.
In the view of Binney et al. (1991) and Athanassoula (1992b) the creation of shocks is strongly linked to the properties of the underlying periodic orbits. Both these studies emphasized the importance of loops or cusps at the apocenters of the x 1 orbits. As the gas follows periodic orbits, it should be shocked at cusps and loops, because gas is collisional and its streamlines cannot cross. Such cusps or loops, however, are located at the bar major axis, while the shock loci are in most cases displaced to the leading side of the bar. Athanassoula (1992b) showed that this can be achieved if the x2 and x3 families not only exist, but also extend sufficiently far from the center. We did not fully analyze the orbital structure of our models, however in Gajda et al. (2016) , in a similar setting, we found some near-periodic x 1 orbits with loops at their ends, so the absence of such orbits cannot be responsible.
Close inspection of simulations by Athanassoula (1992b) and Athanassoula et al. (2013) reveals that the size of their gas-deficient region depends on the strength of the bar. While values of |A 2 | of our bars are not low (e.g. |A 2,max | ∼ 0.6), our simulations lacked other signatures of bar strength, such as rings and ansae. Furthermore, the dwarfs were dominated by their dark matter haloes, further diminishing influence of the bar.
Interestingly, the only dwarf galaxy in the Local Group which unquestionably possesses a bar, namely the Large Magellanic Cloud, also has an undisturbed distribution of HI gas (Staveley-Smith et al. 2003) . Note however, that this bar probably was not induced by the Milky Way because the galaxy is likely on its first approach to the Milky Way (Besla et al. 2007 (Besla et al. , 2012 . It turns out that in many Magellanic-type galaxies the bar seems to disturb significantly neither distribution nor kinematics of the gaseous component (Wilcots 2009 ).
Tidal torques
The effect of tidal torques on already existing bars was already studied by Gerin et al. (1990) . They investigated the response of a bar created via instability to a perturbation. They found that the bar strength was briefly enhanced or reduced, depending on the relative orientation of the bar and the perturber at the pericenter. Later, their bars returned to their original amplitude. In our case the bars were permanently altered, presumably because their model was unstable while ours was stable. They conjectured that the strongest influence takes place when the relative angle is α = ±45
• . The study was later expanded by Sundin & Sundelius (1991) and Sundin et al. (1993) who found that the aforementioned effect occurs only for strong interactions. In a case of a weak interaction, the stellar component always loses angular momentum, however, the impact on the bar strength was not analyzed.
In this work we confirmed these previous results, but with much more reliable simulations. Due to nearly 30 years of improvements of computer technology, we were able to use two orders of magnitude more particles, we studied gas-rich bars and witnessed the mechanism working at multiple pericenter passages. Lokas et al. (2014) also demonstrated that tidal torques influence the bar pattern speed. However, they studied this behavior in detail only during one pericenter passage, at which the bar was first slowed down and then speeded up. Here, we witnessed that a similar thing happens at each pericenter passage, as revealed by the angular momentum changes, but the final outcome of the encounter depends on the integrated effect.
Bar survival
Bars in the runs with small amount of gas (0% and 30%) survived until the end of the simulations. However, in the gas-rich runs the bars were destroyed relatively quickly and were not regenerated later. It was reported in the past that bars in simulations including the gaseous component can be severely weakened or even destroyed (Bournaud & Combes 2002; Berentzen et al. 2004; Bournaud et al. 2005) . This was initially ascribed to the build-up of the CMC and the gas torque action on the stellar component. However, later works put forward a different interpretation (Berentzen et al. 2007; Athanassoula et al. 2013 ) and argued that it was due to buckling coupled to the use of rigid haloes.
In our runs we did not witness extensive buckling nor substantial growth of a CMC. However, while the total mass inside 0.5 kpc remained roughly constant in all the runs, some rearrangement of the material took place. The baryonic mass inside central 0.1 kpc in all runs grew on average by a factor of 1.6, which in the high gas fraction run could have been enough to induce scattering of the stellar particles. Additionally, in the high-gas fraction runs the impact of the stellar component on the potential was smaller than the one of the gas, so the stellar particles could diffuse more easily to orbits which did not support the bar.
Thickening and buckling
Buckling is a common phenomenon in the evolution of barred galaxies (Combes & Sanders 1981; Raha et al. 1991) , which leads to formation of boxy/peanut (b/p) bulges (see Athanassoula 2016 , for a review). We checked if any such events took place in our dwarf galaxies. After careful examination, we have found that in the Nbody run the bar buckled just before the second pericenter passage. However, no b/p bulge has formed, probably because of two reasons. Firstly, the dwarf was shocked right afterwards by the tides, so its structure was disturbed. Secondly, the outer parts of the disk also thickened, so the b/p bulge could not be discerned. We did not find the other, gaseous runs to experience buckling. However, they swelled just after their bars formed at the first pericenter. This is in line with the results of Berentzen et al. (2007) who found that bars in gas-rich galaxies do not buckle, but thicken soon after the formation of the bar. They ascribed this phenomenon to the vertical scattering of orbits by the CMC. However, no significant CMCs formed in our dwarfs. Further work is thus necessary to achieve a better understanding of the thickening and buckling of the inner bar regions.
Comparison with similar studies
Recently, Kazantzidis et al. (2017) followed the evolution of dwarf galaxies in a setup similar to ours, however they included a hot gas halo of the host galaxy, which leads to the ram pressure stripping of the satellite's gas. In addition, their dwarf was an order of magnitude more massive and they employed vigorous supernova feedback. While they reported that no bar was created, this conclusion may have been influenced by the way the bar mode was measured. Namely, it was computed inside only one radial disk scale-length and the authors assumed that a bar was created only if |A 2 | > 0.2. If we had measured the bar strength inside our initial disk scale-length (i.e. 0.41 kpc), we would also have not found bars. Comparing our results to Kazantzidis et al. (2017) one has to remember that severe stripping of the gas may significantly alter the dynamics of the disk.
CONCLUSIONS
In this work we studied the impact of the interstellar medium on tidally induced bars in dwarf galaxies orbiting a Milky Way-like host. To investigate this issue we used N -body/SPH simulations with various amounts of gas. We performed runs with 0%, 30% and 70% gas fractions. The simulations with gas were performed twice. In one version the star formation processes were not included, while in the other we turned them on. All other parameters of the simulations, such as the masses of the galaxies or the orbital parameters, were kept the same.
In all our simulations, bars formed at the first pericenter passage. Despite different gas fractions, the bars had initially the same length and pattern speed. In the gaspoor runs (0% and 30%) further evolution was governed by the action of tidal torques at subsequent pericenters. If the bar was lagging behind the host it was spun up and shortened, while if the bar was leading it was slowed down and elongated. The evolution of the galaxies in the gas-rich runs (70%) was different. The strength of their bars decreased between pericenters leading to their complete destruction.
The bars formed in these simulations had a number of features that distinguish them from most of the simulated bars formed in isolation. Our bars did not grow steadily like bars in the secular phase. They also did not slow down through the exchange of angular momentum with outer parts of the disk and the dark matter halo. Their ratios of the corotation radius to the bar length, R cr = 2-3, place them among slow bars. These results are similar to what we found in Gajda et al. (2017) and what was reported in the past, by e.g. Miwa & Noguchi (1998) . However, slow bars can be created spontaneously if the disk is dark matter dominated and there is little or no gas (Debattista & Sellwood 2000; Saha & Naab 2013; Athanassoula 2014; Lokas et al. 2016; Chequers et al. 2016; Pettitt & Wadsley 2018) . Our dwarfs were also dominated by dark matter.
The main obvious drawback of our study is the lack of the hot gas halo of the Milky Way. We did not include it, as we wanted to focus on the internal dynamics of the dwarfs and the inclusion of the gas halo would require us to severely reduce resolution. The action of the gaseous halo leads to more stripping of the gas from the dwarf Kazantzidis et al. 2017; Simpson et al. 2018) , which could in turn alter the dynamics of the bar. Although the gas is probably efficiently rampressure stripped by the hot halo of the host, some of it may remain in the dwarf long enough to significantly affect the evolution. If the bar destruction in our gas rich runs was caused by the gaseous component, then its stripping could have allowed the bars to survive for much longer.
Another issue that hindered our understanding of the bar dynamics were the repeated tidal interactions with the host. While the two processes driven by the tidal interaction, namely the bar creation and its further encounters with the host, are very interesting on their own, their study was difficult. Very little time passed between pericenter passages, thus we were not able to detect any long-term (secular) trends, as they were interrupted. We have chosen such orbits in order to investigate the evolution of satellite dwarf galaxies, but a study focused on the physics of bars would also benefit from a different model, in which there is only a single interaction, as it is usually done (e.g. Gerin et al. 1990; Miwa & Noguchi 1998; Pettitt & Wadsley 2018; Lokas 2018 ).
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